Abstract
Introduction
Predicting the nature of the dynamics of a design process is often a difficult one, especially where many tasks are involved that are often coupled. While research in recent years has attempted to provide modelling methodologies for design processes, no model can be absolute in predicting the process' behaviour. Many factors can determine the nature of the convergence of the design process, from familiarity and experience with the problem involved to availability of tools and resources.
With complex design projects involving several iterations to achieve a feasible solution, there will often be tasks that are particularly slow, that will hold the design process back as a whole before a solution is finally reached.
In such situations, it becomes necessary to redistribute resources among the tasks in such a way as to expedite the slower tasks, and in turn expedite the design process as a whole. How can this redistribution be quantified?
And will this redistribution create a more reliable process when there are uncertainties? Using a third-year design project as a case study, a model is developed for the design process and a closed-loop control law is developed to quantify the resource redistribution to expedite tasks when uncertainties in the design process model exist. This information will allow instructors to guide students in systematically allotting resources (time, tools, etc.) to increase the speed of task iteration, as well as decrease the number of iterations required to complete a particular task.
Background
Methodologies such as Design Structure Matrix/Work Transformation Matrix (DSM/WTM) have been investigated in the last several years to identify task relationships and their strengths; to use as a basis in developing algorithms to reduce task coupling; to predict design convergence; and to determine stability characteristics, identify design modes, and identify particularly slow tasks [1] [2] [3] [4] [5] . However, closing the loop in the design process to expedite tasks is an area of recent research. In one example [6] , a closed-loop design change control workflow was developed to apply product data management to the conceptual design phase, with the methodology evaluated for a steel foundry. The closed-loop strategy proposed allowed the product planning activities to be involved early in the design process, specifically at the conceptual design phase. Using this process, the closed-loop design change control workflow ensures conceptual schemes are continually improved, stock on hand is considered, and manufacturability of the design during the conceptual phase is considered.
In another example [7] , closed-loop engineering design was implemented in product lifecycle management (PLM) to provide more flexibility and adaptability with a higher quality level. PLM was studied along the dimensions of time and rigidity, with rationale based on establishing flexible borders for engineering activities and providing online error detection and online compensation reactions. As such, these activities are modified dynamically and adapt themselves in real-time to market requests and technological, as well as resource limitations.
However, design and development processes will have some inherent level of uncertainty, requiring any closed-loop control on the process to be robust, allowing the process to converge. In one example, a multi-objective possibilistic optimization model was developed for a closed-loop supply chain network design for both forward and reverse supply chain networks in the presence of uncertain demands, returns, delivery times, costs, and capacities [8] . The goal of the methodology was to minimize costs, as well as lateness of product delivery. Tactical material flow decisions were also included to avoid suboptimalities resulting from separated design.
One of the few results available in which closed loop control is quantified and applied to a design process is in Lee et al [9] . The authors used DSM methods to model the design process and determined the tasks that consume large, disproportionate amounts of resources and time to complete. They then determined a closed-loop gain matrix based on eigenvalue analysis, defined to improve the stability and convergence rate of design tasks, as well as to guide resource distribution to expedite particularly slow tasks. However, the question remains as to how well the closed-loop process will converge when the design process model contains uncertainties.
This paper examines a case study of a third-year engineering design project at UOIT, for which closedloop control will be applied to provide guidance to students in distributing resources to complete various tasks faster and more efficiently. First, a DSM-WTM model for the design process will be presented and uncertainties will be introduced. Then, a control law will be developed and applied to the design process to help quantify how resources can be used to expedite convergence of various tasks, particularly those that are slow to converge. The reliability of the closedloop process will be evaluated with uncertainties present.
Third-Year Design Project
Engineering students enrolled in mechanical-based programs at UOIT in the 3 rd year undertake an integrated design project between two courses which combine concepts of CAD/CAM/CAE design principles (3D Scanning, Solid Modelling, Rapid Prototyping, Finite Element Methods, etc.) with kinematic and dynamic analysis of machines.
Working in groups of about 4-5, students were charged with the task of designing a mechanism for handling and manipulating three different tire sizes, to be picked up from three input conveyor belts oriented at 90 degrees to each other (Fall 2008 edition), and placed on an output conveyor (see Fig. 1 ). The following requirements were to be adhered to:
• Factor of safety between 2.5 and 5 (anything greater than 5 is considered over-engineered).
• Able to handle tires of maximum weight of 50 kg each.
• In addition to the CAD design, students must build and demonstrate a prototype of their design using Lego Mindstorms®. Students were required to design the actual manipulator in CAD using real parts and to proper size (not to simply enlarge the Lego pieces). A suggested task list and order thereof is given below, but it should be noted that tasks C-L will be coupled to some degree:
A I. Factor of safety J. Failure mode analysis K. Build prototype L. Evaluate prototype Regardless of the complexity of a design project, students often carry out the design effort in a somewhat disjointed order, focusing their efforts and resources on the wrong tasks at the wrong time. Using DSM methodologies, and the closed-loop design process as presented in this paper, students can see more clearly what tasks they should dedicate their efforts and resources to in order to be able to expedite those tasks, reducing the total number of iterations required to complete the design project. This quantified measure of resource usage will also be useful in reducing the number of iterations required to complete a project when there are unexpected events. Figure 2 shows a WTM representation of the tire and wheel manipulator. This representation not only shows the relationships between tasks, but also the strength of the task dependencies [1] [2] [3] [4] [5] . To use this model the following assumptions are necessary [2] :
DSM-WTM Representation
• All tasks are completed at every stage (fully parallel iteration).
• Rework is a function of work done in the previous iteration stage.
• Work transformation parameters are time invariant. Simple strength dependency values are assigned to each of the task relationships as follows [2] : 0.5, 0.25, and 0.05 for strong (S), medium (M), and weak (W) dependencies respectively, with the following interpretation [1] :
• Strong -information required from previous task to begin task.
• Medium -information required to end task.
• Weak -information required to check result compatibility.
• Zero -no information required This dependency can be thought of as the amount of work (in terms of a percentage of time to determine a parameter in the original iteration) that the upstream task creates for a downstream task. For example, if we look at the task dependency defined in box I-F (row I, column F), in Fig. 2 , a weak dependency (0.05) is shown. Quantitatively, this means that Task I not only depends on information from Task F, but Task F will create 5% rework on Task I at the next iteration stage.
Mathematical Formulation
At each iteration stage, an amount of work will have been completed for each task. The idea of the work vector is introduced here, and the elements of the work vector indicate how much work is left for each task to complete. As the design process progresses from iteration stage t, the work remaining at the next stage is given by the discrete state-space equation [2, 5] :
where u t is the work vector at stage t and A contains the strength dependencies of the WTM, where each a ij element (i ≠ j) implies that doing a unit of work on task j creates a ij units of work on task i. Each element in the work vector represents the work remaining for the task it is associated with at iteration stage t.
Treating the dynamics of the design process as a discrete-time system is logical [5] . Just as the state variables of a discrete-time system are computed at discrete intervals, the work vector is computed at discrete intervals (the iterations themselves) for the design process model. Note that Eq. 1 is the homogeneous state-space system (that is, the actual response depends on the initial conditions only). In order to include external inputs, Eq. 1 is modified as: 
where B 1 is the Disturbance Transformation Matrix [10] , δ δ δ δ t is the disturbance input (to be used later to represent work added as a result of unexpected events into the design process), B 2 is the input matrix (representing the proportion of common resources shared between tasks), and ε ε ε ε t represents the additional resources required for the design process to converge to a desired state [9] . For simplicity, B 1 = B 2 = I. In industry applications, additional resources may be acquired through overtime work, adding new staff, recruiting temporary help, outsourcing, etc.
Uncertainties in Design Process Model
With any design process, uncertainties exist, which can change the amount of work remaining at each iteration stage from what the WTM model can predict. Factors which may add uncertainty include competition, technological improvements, and changes to customer requirements. Also, different design groups (as was found with this case study) may determine different models for the design process, resulting in variations in the work remaining in each task at each iteration stage. Figure 3 shows the variations in the dynamic responses for different models of the same design process, using the Design Arm task as an example.
To include uncertainties in the design process, a random variation within ±10% work remaining at each stage is introduced, representing a somewhat more realistic response of the design process at each iteration stage (that may be the result of unknown factors). In the next section, a method for estimating these states will be introduced to be used in the closedloop control of the design process.
Estimation and Control
To handle the uncertainty in u t , an estimator [11, 12] 
where L p is the estimator gain matrix, y t is an output vector (y t = Cu t ), and C is an output matrix (and will equal I so that simply y t = u t ). Figure 4 shows the estimator scheme. Since this estimator predicts the remaining work vector at the next iteration step, it is called a prediction estimator [11, 12] . Note that v t is the random variation in the remaining work for the actual design process.
To utilize closed-loop control in the design process, the following control law is defined:
where K is a feedback gain matrix, whose define the degree of influence that all other tasks have on the resource use of a task [9] . Note from Eq. 4 that the estimated work remaining is used in the feedback loop of the design process (with u t being uncertain, one should use the best estimate of the work vector at every iteration stage). The matrix K may be determined by any standard means, but for this purpose, it will be optimally determined using a discrete linear quadratic regulator, where K is determined such that the following performance index is minimized [12] : (5) where Q and R are chosen to be positive definite matrices, with values chosen to balance state errors u t T u t and control usage ε ε ε ε t T ε ε ε ε t . Typically, Q is a diagonal matrix with one or more weighting factors on the state vector elements, and R = I, where I is the identity matrix. In this investigation, Tasks C-F will be weighted (that is, weight values will be introduced to the elements q 11 , q 22 , q 33 , and q 44 in Q) in deriving the closed-loop gain matrix since they will have disturbances introduced to them, and therefore, these tasks will need to be expedited so that the design process will converge quickly. 
Results
Before implementing the closed-loop control, some results are presented in Table 1 to illustrate the variation in convergence of the design process when the model is uncertain and when no control is present. The average number of iterations required for convergence is shown, as well as the range between highest and lowest number of iterations required for several simulation runs. Variations of ±10% work remaining were introduced at each iteration stage to provide some uncertainty in the predictions of the model. Unexpected events (disturbances) were introduced at the 5 th and 10 th iteration by imposing 100 percent more work for Tasks C-F at these iteration stages.
To determine the closed-loop gain matrix, weight values of q ii = 0.1 (where i = 1, …, 4) were used, yielding the following optimal K:
As an example, in the second row of the first column (Task row D, Task column C), the value 0.0328 indicates that when Task C has 100 percent work remaining at some stage t, Task D will require 3.28% more of its own resources to do the additional work to help expedite Task C.
With feedback control, the number of iterations required for the design process to converge is reduced. Table 2 shows the number of iterations to convergence under the same circumstances. It should be noted that the use of closed-loop control occurs at the onset of the design process when no disturbances were present (thus reducing the number of iterations required for the design process to converge), as well as at the onset of disturbances (such that tasks are expedited to mitigate the effect of disturbances and prevent unnecessary iterations). 
The elements of ε ε ε ε 5 denote how many more resources or extra work is required for each task at the 5 th iteration stage to mitigate the effect of the disturbance. For Tasks C-F, at the onset of the disturbance, the amount of extra resources that must be allocated to these tasks so that the design process converges within ~16 iterations is 14.58%, 12.38%, 4.67%, and 7.20% respectively. The negative sign indicates that extra work or resources are needed. At every iteration stage from this point onward, the ε ε ε ε t vector indicates how resources should be allotted to expedite the design process to mitigate disturbance effects. For example, the resource allocation at the 10 th stage of iteration will be given by: 
By this stage, Tasks C-F will only need 2.84%, 3.29%, 2.67%, and 1.06% extra resources to expedite these tasks (and consequently, the rest of the design process). Figure 5 illustrates the convergence of one of the tasks (Task C) with and without closed-loop control in the presence of random variations in work remaining at each iteration stage in mitigating a disturbance/unexpected event.
The dashed line indicates where 10 percent work remaining is. It can be seen that without control, Task C converges after 19 iterations, while convergence occurs after 13 iterations with control (after this point, work remaining can be ignored, since the task has essentially converged).
Conclusions
A mathematical model for the design process of a third-year engineering design project at UOIT was developed to handle uncertainties. This was accomplished by using an estimator to provide a best guess of the work remaining at each iteration stage. Using this model, a closed-loop control was developed to quantify resource allocation to expedite tasks when work remaining at each stage is uncertain, as well as to mitigate the effects of unexpected events or disturbances in the process. Closed-loop control in the design process assisted in quantifying resource use at each iteration stage to speed up convergence of the design process and may serve as a useful guide to students and instructors in assisting them with design task planning and providing a priori knowledge of how to efficiently use resources.
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